I. INTRODUCTION
W ITH the discovery of type 2 superconductivity [1] in 1961, a number of physics laboratories in the US and Europe started superconducting magnet development programs. At the University of California Radiation Laboratory (UCRL), now the Lawrence Berkeley Laboratory (LBL) there was a great deal of interest is developing large high field detector magnets for bubble chambers. In 1961, Louis W. Alvarez established a group Berkeley that he hoped would lead to a 5-m bubble chamber magnet at Berkeley. The first four years were a disaster in terms of large magnet development. Small magnets were built and a number were successfully tested, but it was difficult to scale them up in size and get them to operate anywhere near the conductor short sample. By 1965, it was clear that a 5-m diameter bubble chamber magnet would not be built at Berkeley, because higher energy machines were being built elsewhere, such as Brookhaven, later Fermilab and CERN. Around 1970, the UCRL 72-inch bubble chamber became an 82-inch bubble chamber and was shipped to the Stanford Linear Accelerator (SLAC). This chamber had a conventional water-cooled copper magnet coil. Superconducting bubble chamber magnet development would be done in other places besides Berkeley. The author is with the Lawrence Berkeley National Laboratory, Berkeley, CA 94720 USA (e-mail: magreen@lbl.gov).
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The first real breakthrough in large magnet development was reported at the First Particle Accelerator Conference (PAC-65) in March of 1965 in Washington DC. The paper by Steckly and Zar on cryogenic stability [2] was presented there. This led to a number of laboratories building large helium bath cooled bubble chamber magnets. This also led to superconducting magnets for large cyclotrons.
As other types of detectors were developed, the need for thin magnets emerged. There was a great deal of interest in magnets that were less than one radiation length thick. For this type of magnet a conductor with intrinsic stability [3] , [4] and dynamic stability [5] , [6] was needed. The conductor current densities had to be much higher. This led to magnets that used indirect forced-flow helium cooling [7] , [8] with high current density coils that were quench-protected by quench-back [8] from an aluminum mandrel.
By the early 1980's the development of detector magnets shifted to conductors made of copper based superconducting cables co-extruded in an ultra-pure RRR > 1000 aluminum matrix [9] , [10] and wound inside of a hard aluminum mandrel for strength. These magnets were indirectly cooled with either forced flow two-phase helium [11] or using a two-phase thermal siphon (natural convection) cooling loops [12] . This allowed detector magnets to become larger and operate at higher magnetic fields and still be relatively thin.
During the 1990's there were a number of open structure detector magnets developed as well. The largest of these is the Atlas magnet on the LHC. During the last fifty years detector magnet stored energies increased from <10 MJ to > 2.5 GJ. The next generation magnets will be larger and they may require yet another change in magnet technology.
II. BUBBLE CHAMBER MAGNETS AND CRYOSTABILITY
The bubble chamber was invented by Donald Glaser in 1952 [13] , for which he won a Nobel Prize in 1960. The university of California Radiation Laboratory (UCRL) started construction of the 72-inch bubble chamber (1.83 m active length) in late 1954. This bubble chamber had a 1.8 T water-cooled copper coil with a mass of 20 tons that required about 2.5 MW of power to operate [14] . The total liquid hydrogen volume was 0.51 m 3 . With the discovery of type II superconductivity, large bubble chamber magnets seemed to an obvious use for superconductivity. An unstable 254-mm diameter S/C bubble chamber magnet was built in 1965 [15] . The breakthrough of cryogenic stability [2] allowed large superconducting magnets to be built using conductor that was otherwise inherently unstable. The idea behind cryogenic stability was based on the notion that if a superconductor became fully normal due to coil motion or a flux jump in the superconductor, it would recover its superconductivity if the heat could be conducted away to liquid helium so that the superconductor temperature would drop below its critical temperature T c . in the region where the magnet went normal. An equation for cryogenic stability is as follows;
where α is the stability parameter, I d is the magnet design current, ρ is the copper matrix resistivity, A C is the conductor cross-section area, r is the copper to superconductor ratio, h c is the heat transfer coefficient at the conductor surface that is exposed to the helium, P is the wetted perimeter per unit conductor length exposed to the helium, T c is the superconductor critical temperature at the magnet high field point, and T b is the helium bath temperature. When α < 1 the magnet is stable and when α > 1 the magnet is unstable. For good stability one needs low resistivity copper such as annealed OFHC copper with a residual resistivity ratio (RRR) of >100. One also wants a conductor that has a large copper to superconductor ratio r so that A c is large and (r + 1)/r is nearly one. One also wants to maximize P. Having a large temperature margin is also desirable. From 1965 to 1967 many papers were written about cryogenic stability. Included were a few papers on the effect of having a conductor with an organic-insulation on the conductor cooling-surface [16] .
Equation 1 can be applied to conductors that are internally cooled with either supercritical or two-phase helium. When supercritical helium is used T b is the maximum helium temperature in the flow circuit that can be as much as 0.5 K higher than the temperature of boiling helium or the temperature of forced twophase helium [7] , [17] . In the bubble chamber magnets of the 1960's and 70's, h c (T c − T b ) was designed to be < 2200 W m −2 in order to ensure there was always nucleate boiling on the conductor surface [18] . Table I shows the design parameters of three large bubble chambers magnets built in the late 1960's and the early 1970's. The magnets included in Table I are the 1.8 T, 12-foot (3.66 m) bubble chamber magnet at Argonne National Laboratory (ANL) [19] , [20] , the 3.0 T, 15-foot bubble chamber magnet (4.57 m) at Fermi National Accelerator Laboratory (FNAL) [21], [22] , and the 3.5 T, CERN Big European Bubble Chamber (BEBC) magnet [23] - [25] . All of the bubble chamber magnets are Helmholtz coils so the beam can enter the bubble chamber between the coils. Fig. 1 shows a bare single coil for the CERN BEBC coil after the pancakes coils have been soldered together. Fig. 2 shows the FNAL 15-foot bubble coils within their cryostats.
The use of bubble chambers lasted until the late 1980's. Bubble chambers had a number of drawbacks; 1) the bubble chambers used thousands of feet of film every year. Each photo had to be examined by a human scanner. 2) The bubble chamber was replaced by wire chambers and time projection chambers, which could be read out electronically. The new chamber changed the way that detector magnets had to be built. The new magnets had to have detectors outside of the magnet field region as well as inside of the magnet.
III. THE DEVELOPMENT OF THIN MAGNETS AND INDIRECT CRYOGENIC COOLING OF THE MAGNET
The new types of chambers are used outside of the detector magnet as well as inside of the detector magnet. This led to the desire to make these magnets thin from the standpoint of radiation thickness. This led to thinner magnets and thinner cryostats where the helium cooling was in tubes attached to the magnet coils. This eliminated the large amount of helium that was needed for a cryogenically stable magnet. This mandated that the superconductors used in these magnets must have small filaments that are both intrinsically stable and dynamically stable [6] . Thinness can be defined a number of ways [26] . Most people use the material radiation thickness [27, Table III .6], [28] . Solid materials with a large radiation length have a low atomic number and low density. Table II is a table of radiation length for various  materials. In the mid-1970's the Lawrence Berkeley Laboratory (LBL) had Alcoa produce a multifilament Nb-Ti in an aluminum matrix. The conductor was difficult to draw down to small filaments, but it had some interesting properties such as a propagation velocity along the wire that was ∼3 times that of a copper matrix conductor with the same current density. However, the filaments were too large and the matrix residual resistivity ratio (RRR) was too low. This conductor work was never published by LBL.
For the proposed MINIMAG experiment, LBL proposed winding a high current density copper matrix conductor on an 1100-O aluminum mandrel with cooling from two-phase helium in a tube wound around the coil [29] . There were two problems that had to be solved; stable liquid helium cooling and safe quenching of high current density magnets.
The first was how to make two-phase helium cooling work without the garden-hose pressure oscillations found in many two-phase systems involving flow through pipes [30] . One could use supercritical helium flow, which had been used by Morpurgo to cool a magnet [30] , [31] but the flow circuits require multiple heat exchangers and the operating temperatures are ∼0.5 K higher. Two-phase magnet cooling was demonstrated in 1970 by Green [7] , but it had not been demonstrated in large magnets. The secret is using a constant pressure source of two-phase helium near the saturated liquid line or sub-cooled [8] , [11] and make sure that the flow per unit area is in the right part of Baker diagram [32] , [33] . At 4.5 K, the density of LHe is about six times that of He gas. We learned that one could get two-phase flow with virtually no pressure oscillations through 450 meters of 12.7 mm ID pipe going around a 2.2 m diameter solenoid coil that was oriented with a horizontal axis with two-phase Fig. 3 . This is a simplified flow diagram of a two-phase helium flow circuit attached to a helium refrigerator. The cryostat with the heat exchanger makes the two-phase helium slightly sub-cooled liquid. Fig. 4 . This is the cross-section of the end of the PEP-4 coil package showing the quench-back pure aluminum, the superconducting coil, the 1100-O aluminum mandrel, and the two-phase helium cooling tube.
flow provided by a refrigerator or a positive displacement pump [34] , [35] .
The second issue was quench protection. Since copper and Nb-Ti have a short radiation length, the current density in the coil must be as high as one can make it. The basis for quench propagation velocity calculation and quench protection comes from a paper by Cherry and Gittleman [36] . Derived from this paper one can come up with the general rule that says that EJ 2 = 10 23 J A 2 m −4 for a magnet to quench safely through a resistor. E is the magnet stored-energy and J is the conductor current density. The problem is how to get the current out of coil quickly to keep the quench hot spot temperature <300 K. LBL fabricated the magnet mandrel from 1100-O aluminum so that as a quench in the coil propagates, the magnet current shifted to the mandrel inductively, which in turn causes the whole coil to quench more rapidly through quench-back [8] , [38] , [39] . This method works well in magnets that are inductively wellcoupled to the mandrel and where the insulation between the coil in the mandrel is <1-mm thick. In tests coils, passive quench protection was achieved with J = 1250 A mm −2 in the matrix plus the superconductor. The PEP-4 detector solenoid could quench passively at J = 650 A mm −2 at an E = 10 MJ. Along the way we discovered that the use of a varistor could cause the magnet to quench quickly and we could quench the whole PEP-4 solenoid in ∼30 ms by discharging a capacitor into the center-tap of the two-layer magnet coil [40] . Fig. 3 shows a simplified force flow two-phase magnet cooling circuit. Fig. 4 shows the coil cross-section of the Time Projection Chamber magnet coil finished in 1980. Only two detector magnets were built using this technique, the PEP-4 magnet and the CLEO-1 magnet at Cornell [41] . The problem with the Berkeley design was that it wasn't scalable to larger magnets with higher stored energy, because the coupling wouldn't be good enough. Maddox and James showed that the pure material should be in the conductor matrix not in a shorted secondary [42] . The next generation of magnets would have a pure Al matrix and quench-back. Table III shows 
IV. MAGNETS WITH ALUMINUM MATRIX CONDUCTOR
The first of the aluminum matrix conductor detector magnet was the CELLO magnet [43] . This magnet had a copper matrix superconducting cable soldered into a groove in the ultra-pure aluminum matrix (RRR > 1000). The rest of the aluminum matrix detector magnets were fabricated from conductor where the superconducting cable was co-extruded in an RRR > 1000 matrix. These conductors were developed by A. Yamamoto [44] , [45] in Japan and in Europe [46] . The advantage of the RRR >1000 aluminum matrix conductors are: 1) The quench velocity along the conductor is enhanced at higher currents [47] . 2) The conductor minimum propagation zone length (MPZ) [48] is much longer [49] . For a given radiation length, Al has 6.2 times the volume of Cu, which means that the quench initiation energy is much larger than for a magnet wound with a copper matrix conductor [50] . An expression for MPZ is as follows;
where
, T c is the superconductor critical temperature, T o is the operating temperature, J M is the conductor current density, ρ M is matrix material resistivity, and r is the matrix to superconductor ratio. Quench initiation energies were calculated in joules instead of millijoules, which increases the magnet stability.
These magnets have the superconductor wound on the inside of the mandrel [51] . Only the CELLO magnet coil was wound on the outside of the mandrel. A hard aluminum mandrel on the outside of the coil provides hoop strength. In addition, one gets quench-back to the coil from the mandrel. The quenchback effect is enhanced if there is a layer of RRR = 1000 aluminum between the mandrel and insulation layer on the outside of the coil conductor. This can propagate the quench longitudinally along the coil. This permits large detector magnets, which will quench safely, to be built with high stored energies.
Japanese companies fabricated magnets for the CDF experiment [52] , the TOPAZ experiment [53] , and the VENUS experiment [54] . The Japanese fabricated a 3 T magnet for the AMY experiment at Tristan [55] . Two large superconducting detector magnets were fabricated for the CERN electron-positron collider that preceded the LHC. The Rutherford Lab in England built DELPHI magnet [56] and CEN Saclay in France built a magnet for the ALEPH experiment [57] . The HERA, the electron (positron) collider with protons had two large detector magnets, the ZEUS magnet [58] and the H-1 magnet [59] . These experiments began operating in 1993. The H-1 magnet is nearly identical to the DELPHI magnet at CERN. CLEO-2 was fabricated for an upgraded in experiment at Cornell in the 1980's [60] . The BaBar solenoid for an experiment on the PEP-2 machine at SLAC was delivered in the 1990's [61] . The BEPCII magnet was fabricated for the Institute for High Energy Physics in Beijing China in the mid 2000s [62] , [63] .
The final detector solenoids to be discussed in this section are part of LHC experiments at CERN. The central solenoid for the ATLAS experiment is found in Table III The ATLAS central solenoid [64] uses a Japanese high strength high RRR aluminum conductor [65] that reduces the magnet radiation thickness. The last magnet shown in Table III is large CMS 4-T solenoid [66] , [67] , which uses a conductor that combines high strength aluminum with RRR >1000 aluminum to carry the hoop stresses [68] . Fig. 5 shows the CDF experiment at FNAL, and Fig. 6 shows the H1 magnet. Figure 7 shows the CMS magnet. The CMS magnet isn't very thin, because all of the particles that benefit from thinness are detected within the magnet bore. The muon detectors use the iron return path as part of the detector. Most of the magnets shown in Table III use forced two-phase helium cooling (see Fig. 3 ). Cooling by natural convection has been used for some magnets, but there must be room for a helium tank someplace above the magnet. Natural convection cooling is illustrated in Fig. 8 . An advantage of natural convection is that cooling doesn't stop when the refrigerator stops. However, a forced two-phase flow system can use a positive displacement pump to provide cooling from a liquid helium tank [69] .
V. THE ATLAS TOROIDAL COILS
The ATLAS experiment has eight 25.3-m long toroidal barrel coils [70] , [71] and two 5.0-m long end-cap magnets that each has eight toroidal coils [70] , [72] , [73] . This is a major departure from the use of solenoids as detector magnets. The toroidal coils are not inductively coupled to the ATLAS central solenoid, and they are weakly coupled each other either. Table IV presents coil parameters for these two magnets. Fig. 9 shows the ATLAS barrel magnet before the central solenoid is moved into position. Fig. 10 shows an assembled ATLAS end cap magnet. Particle detectors are positioned between the magnet coils in both toroid magnets.
All of the ATLAS magnet are cooled using forced two-phase helium cooling from a central refrigerator that produces 6 kW refrigeration at ∼4.5 K [74] . The total two-phase helium flow from the tank is 1.5 kg s −1 . This flow is provided by a liquid helium pump rather than from the refrigerator compressors as has been done in other places. In addition the ATLAS refrigerator produces 30 kW of cooling from 60 to 80 K to cool the cold mass support intercepts and shields. Finally the ATLAS refrigerator produces 12 g s −1 to cool all of the leads in the magnets. ATLAS does not used HTS leads in any of the magnets.
VI. CONCLUDING COMMENTS AND THE FUTURE OF SUPERCONDUCTING DETECTOR MAGNETS
There are a lot of detector magnets that have been left out of this survey. There are a large number of conventional spectrometer magnets left out the most notable is the 0.75 T large STAR detector solenoid at the Brookhaven National Laboratory. This magnet was built as a conventional magnet to reduce the magnet capital cost. This magnet was more expensive than the superconducting alternative. MSU has produced a number of spectrometer magnets that use warm iron with superconducting coils [75] . The detector magnets at MSU and JLAB have advanced the state of the art and saved money even though they are small compared to the LHC detector magnets and other magnet discussed in this paper [76] . None of the Japanese balloon detector magnets are described here. These magnets represent the frontier in detector magnet technology and thinness from a radiation standpoint [44] , [65] . The conductor development in these magnets could lead to higher field detector magnets [77] . In virtually all cases, the use of superconductivity in detector magnets has resulted in magnets that are less expensive in term of capital cost and operating cost [78] , [79] .
The detector magnets of the future are likely to follow three paths. First, higher field and larger solenoids that require the kind of material technology discussed in [80] will be built. Second, future detectors are likely to be open structures similar to the ATLAS external detector magnets. An example is a proposed magnet for detecting axions from the sun [78] . Third, in future large detector magnets, iron is less likely to be used to return the magnet flux. Without iron, coils must be used to return the magnetic flux. Such magnets can have a very uniform field within the central field [81] . Seen from a distance detector magnets of the future will probably be designed to produce zero net magnetic moment, so the 0.001 T line is at a distance of roughly 2.5 times the inner coil diameter for a uniform field 2 T [82] . If the central field is higher the 0.001 T line moves out a little more. A magnet of this type can be made longer and larger in diameter. This type of magnet can be built using existing technology and be built to be quite open in structure [83] .
Smaller iron dominated detector magnets have been built. These magnets can be cooled-down and can be kept cold using small coolers using the techniques developed at MSU on the cyclotron gas stopper magnet [84] . 
